g Insertion sequences (ISs) are the simplest transposable elements and are widely distributed in bacteria; however, they also play important roles in genome evolution. We recently identified a protein called IS excision enhancer (IEE) in enterohemorrhagic Escherichia coli (EHEC) O157. IEE promotes the excision of IS elements belonging to the IS3 family, such as IS629, as well as several other families. IEE-mediated IS excision generates various genomic deletions that lead to the diversification of the bacterial genome. IEE has been found in a broad range of bacterial species; however, among sequenced E. coli strains, IEE is primarily found in EHEC isolates. In this study, we investigated non-EHEC pathogenic E. coli strains isolated from domestic animals and found that IEE is distributed in specific lineages of enterotoxigenic E. coli (ETEC) strains of serotypes O139 or O149 isolated from swine. The iee gene is located within integrative elements that are similar to SpLE1 of EHEC O157. All iee-positive ETEC lineages also contained multiple copies of IS629, a preferred substrate of IEE, and their genomic locations varied significantly between strains, as observed in O157. These data suggest that IEE may have been transferred among EHEC and ETEC in swine via SpLE1 or SpLE1-like integrative elements. In addition, IS629 is actively moving in the ETEC O139 and O149 genomes and, as in EHEC O157, is promoting the diversification of these genomes in combination with IEE.
I
nsertion sequence (IS) elements are the simplest transposable elements and are considered selfish (or parasitic) genetic elements. However, they also play important roles in genome evolution (1) . The transposition and proliferation of IS elements induces not only insertional gene inactivation and the modification of gene expression (1) but also a variety of genomic rearrangements, such as deletions, inversions, and duplications (2, 3) . In bacteria, several thousand types of IS elements have been identified from various species and strains (4) and classified into approximately 20 families (5) .
IS-mediated bacterial genome diversification has been extensively studied in enterohemorrhagic Escherichia coli (EHEC) O157. EHEC O157 strains produce highly potent cytotoxins (Shiga toxins Stx1 and/or Stx2) and causes diarrhea, hemorrhagic colitis, and hemolytic-uremic syndrome; thus, it is one of the most serious food-borne infections worldwide (6) . O157 strains contain many IS elements, and these elements play important roles in the diversification of the O157 genome. For example, the O157 strain RIMD0509952 (referred to as O157 Sakai) contains 25 types of IS elements (116 copies in total), and the most abundant is an IS3 family member, IS629 (23 copies) (7, 8) . Our comparative genomic analysis of O157 clinical isolates revealed that many small structural polymorphisms associated with gene inactivation and/or deletion have been generated by IS629 (9) . More recently, we identified a novel protein called IS excision enhancer (IEE), which promotes IS629 excision from the O157 genome in a transposase (TPase)-dependent manner. We demonstrated that various types of genomic deletions were generated upon IEE-mediated IS excision in IS-flanking regions (10) . IEE also promotes the excision of other members of the IS3, IS1, and IS30 families.
In the O157 genome, the gene encoding IEE (iee) is located in a large integrative element (IE) called SpLE1 (7) . In non-O157 EHEC strains, iee is located on SpLE1-like IEs (11, 12) . IEE homologs have been identified in a broad range of bacterial species and are encoded in genomic regions exhibiting low GC content and/or containing genes related to mobile genetic elements (MGEs) (10) . These results suggest that IEE and its homologs have spread to a variety of bacterial strains by horizontal gene transfer. Although many E. coli strains have been sequenced, IEE is found primarily in EHEC isolates (10) . Pathogenic E. coli strains other than EHEC are also important etiological agents of zoonotic or food-borne disease in humans and of colibacillosis in domestic animals (13, 14) . Enterotoxigenic E. coli (ETEC) is an important cause of diarrhea in children, which is associated with high morbidity and mortality in nonindustrialized countries. ETEC is the main cause of diarrhea in travelers to these countries (13) . In swine, ETEC infections immediately after birth (neonatal diarrhea) and ETEC or Shiga toxin-producing E. coli (STEC) infections after weaning (postweaning diarrhea or edema disease) are responsible for significant economic losses due to diarrhea, growth retardation, and mortality (15, 16) .
In this study, we examined the prevalence of iee in non-EHEC pathogenic E. coli strains isolated from domestic animals. Because the result indicated that the iee gene is distributed in specific lineages of ETEC isolated from swine, we further investigated the genomic structures of iee-containing IEs and the prevalence of IS elements that could be substrates for IEE in these ETEC strains.
MATERIALS AND METHODS
Bacterial strains and culture conditions. We investigated 256 E. coli strains, all of which were isolated from diseased domestic animals in Japan between 1991 and 2010 ( Table 1 ). The serotypes of the strains were determined using antisera obtained from Denka Seiken Co., Ltd. (Tokyo, Japan), or Statens Serum Institut (Copenhagen, Denmark). O157 Sakai and three sequenced non-O157 EHEC strains (O26:H11 strain 11368, O111:HϪ strain 11128, and O103:H2 strain 12009; all three were isolated from patients in Japan [11] ) were also used. All strains were grown in Luria-Bertani (LB) broth (17) at 37°C. PCR-based genotyping of E. coli strains. The presence of iee and a panel of major IS elements (IS629, IS911, IS3, IS2, IS1, IS4, IS5, IS26, IS30 , and IS621) in the E. coli strains was examined by PCR using the primers listed in Table S1 in the supplemental material. The template DNA for PCR was prepared by the alkaline-boiling method, as previously described (18) . PCR was performed in a 50-l reaction mixture containing template DNA, 0.2 M concentrations of each primer, 0.2 mM concentrations of each deoxynucleoside triphosphate (dNTP), PCR buffer, and 1.25 U of ExTaq DNA polymerase (TaKaRa Bio, Inc., Shiga, Japan) using 30 amplification cycles of 30 s at 95°C, 30 s at 60°C, and 1 min at 72°C. PCR amplification of genes encoding various virulence factors (VFs; LT, STa, STb, EAST1, Stx1, Stx2, F4, F5, and F18) was performed as described by Vu-Khac et al. (19) .
PFGE. Pulsed-field gel electrophoresis (PFGE) was performed by clamped homogeneous electric field electrophoresis using a CHEF-DR III apparatus (Bio-Rad Laboratories, Inc., Hercules, CA). The genomic DNA of each strain was prepared as described by Akiba et al. (20) . Genomic DNA in sliced plugs was digested at 37°C with 40 U of XbaI for 6 h or 30 U of SspI for 16 h (both enzymes were obtained from TaKaRa Bio, Inc.). Electrophoresis was performed in a 1% agarose gel in 0.5ϫ Tris-borate-EDTA (TBE) buffer at 14°C at 6 V/cm for 22 h with a pulse time of 5 to 50 s (XbaI PFGE) or for 10 h with a pulse time of 4 s (SspI PFGE). For PFGE of XbaI-digested DNA, 100 M thiourea was added to the TBE buffer to obtain clear banding patterns (21) . Southern blot hybridization analysis of SspI-digested DNA was performed using an IS629-specific probe, as previously described (10) .
The banding patterns obtained by PFGE of XbaI-digested DNA were analyzed using BioNumerics software version 5.1 (Applied Maths, SintMartens-Latem, Belgium), followed by manual band assignment. Dendrograms were then generated using the unweighted pair group method with arithmetic mean (UPGMA) based on the Dice similarity index and with an optimization parameter of 1% band position tolerance.
MLST and phylogenetic tree construction. Multilocus sequence typing (MLST) was performed using the nucleotide sequences of the seven housekeeping genes adk, fumC, gyrB, icd, mdh, purA, and recA according to the protocols available in the E. coli MLST database (http://mlst.ucc.ie /mlst/mlst/dbs/Ecoli) (22) . To determine the phylogenetic relationships of the E. coli strains, we concatenated the nucleotide sequences of the seven genes used for the MLST to generate pseudosequences and aligned them using CLUSTAL W in the software MEGA5 (23) . A neighbor-joining tree was generated with a 1,000 bootstrap replicates.
Analysis of the genomic structures of iee-containing elements. The genomic structures of the SpLE1-like elements of the O139 and O149 strains were analyzed by PCR scanning, which is a long-range PCR-based genome comparison system (24) . The primers and PCR conditions were identical to those previously described by Ohnishi et al. for whole-genome PCR scanning (WGPS) of O157 strains (24) , except that the primer ieeIE-f was used instead of primer 113.3-f. To analyze the region of interest in strain E0231, we used the newly designed primer 113.9-r2 instead of 113.9-r because no amplicon was produced when the primer pair 113.8-f/113.9-r was used with this strain. In addition, to amplify both SpLE1-like IE/chromosome junctions in E0231, we designed primers IE0231-f and IE0231-r based on the results of random extension-based two-step PCR (RETS-PCR, a newly developed walking method described below). The sequences for the primers used in this analysis are shown in Table S2 in the supplemental material.
RETS-PCR.
We developed a rapid walking method designated RETS-PCR to determine the sequences of the SpLE1-like IE/chromosome junctions in strain E0231. As outlined in Fig. 1 , the RETS-PCR-based method comprises three steps: random extension, PCR using a single primer, and sequence determination ( Fig. 1 presents the process used to analyze the left junction). In the first step, primer E0231J-R1, which comprises a 
a These strains were all isolated from internal organs of chickens with extraintestinal diseases. b These three strains were isolated from goats. c This strain was isolated from cattle.
known sequence in the SpLE1-like IE (denoted as "X" in Fig. 1 ) and a random 9-base sequence in the 3= region, was used to generate various single-stranded DNA (ssDNA) molecules by random extension using DNA polymerase (Fig. 1A ). This step was performed in a 25-l reaction mixture containing template DNA, 0.2 M primer E0231J-R1, 0.2 mM concentrations of each dNTP, PCR buffer, and 0.625 U ExTaq DNA polymerase for 5 min at 95°C, 30 s at 30°C, and 1 min at 72°C. In the second step (Fig. 1B) , the ssDNA molecules act as templates for single-primer PCR using primer E0231J-R2, and thus only molecules containing sequence X permit the amplification of DNA segments encompassing the junction. This step was performed in a 100-l reaction mixture containing the total product of the first step, 0.4 M primer E0231J-R2, 0.2 mM concentrations of each dNTP, PCR buffer, and 2.5 U of ExTaq DNA polymerase with 35 amplification cycles of 30 s at 95°C, 30 s at 60°C, and 1 min at 72°C. In the third step (Fig. 1C) , the sequences of the amplicons were determined using the primer E0231J-R3, the sequence of which corresponds to an upstream region of X (denoted "Y" in Fig. 1C ). The nucleotide sequences were identified by the dideoxy chain termination method (25) using a BigDye terminator cycle sequencing kit and an 3130xl sequencer (Applied Biosystems, Inc., Foster City, CA) according to the manufacturer's instructions. Similarly, the right junction was determined using the primers E0231J-F1, -F2, and -F3. The sequences for the primers used in this analysis are shown in Table S3 in the supplemental material. Sequence determination and genomic comparison of SpLE1-like IEs. Amplicons covering the entire SpLE1-like IE of each strain, which were generated by PCR scanning as described above, were combined and sequenced using the Illumina MiSeq platform (Illumina, Inc., San Diego, CA). Libraries for each mixture were prepared using the Nextera XT DNA Sample Prep kit (Illumina, Inc.), and pooled libraries were subjected to multiplexed paired-end sequencing (251 cycles ϫ 2) according to the manufacturer's protocol. The sequence reads were assembled using Velvet version 1.2.05 (26) . The obtained sequences were annotated with the Microbial Genome Annotation Pipeline (http://www.migap.org/) (27) and were manually curated using IMC-GE software (In Silico Biology, Inc., Kanagawa, Japan). The sequence comparison of SpLE1-like IEs was performed using GenomeMatcher software (28) .
Nucleotide sequence accession numbers. The sequences of the SpLE1-like IEs from strains E0046, E0092, E0124, E0217, E0223, and E0231 have been deposited in DDBJ/EMBL/GenBank under accession numbers AB786874 to AB786879.
RESULTS AND DISCUSSION
Screening, genotyping, and phylogenetic analysis of iee-positive E. coli strains. We first determined the serotypes of 256 E. coli strains isolated from diseased domestic animals and identified ieepositive strains by PCR; iee was found only in strains of serotypes O139 (23 of 56 strains) and O149 (16 of 17 strains) isolated from swine (Table 1 and Fig. 2 ). O139 and O149 are major serotypes of ETEC that are associated with diarrhea in swine, and O139 is also one of the major serotypes of STEC that causes edema disease (15) .
The 73 O139 and O149 strains were further examined by PCR for the presence of major IS elements of "pathogenic" E. coli and for genes encoding known VFs of ETEC and STEC (Fig. 2) . PFGE analysis was also performed after digesting the genomic DNA with XbaI, and a dendrogram was generated to analyze the relatedness of these strains (Fig. 2) . In addition, the sequence types (STs) of these strains were determined using the E. coli MLST database (22) . The results of the clustering analysis of the 73 strains based on their XbaI digestion patterns correlated very well with the clustering based on the MLST analysis, and the strains were divided into three groups on the basis of their serotypes and VF profiles: In the first step, various ssDNA molecules are generated by random extension using primer E0231J-R1, which comprises a known sequence in the SpLE1-like IE (denoted as "X") and a random 9-base sequence. (B) In the second step, the ssDNA molecules act as templates for single-primer PCR (using primer E0231J-R2, which anneals only to sequence X) to amplify the DNA segments encompassing the junction between the known and unknown sequences. (C) In the third step, the sequences of the amplicons are determined using primer E0231J-R3, which aligns to a region located between the junction and X (denoted Y). Among the 17 ETEC O149 strains, only strain E0129 lacked iee. However, E0129 belongs to ST100 (a member of the ST165 clonal complex), like most of the iee-positive ETEC O149 strains, and its genotype was also very similar to those of the iee-positive strains (Fig. 2) . All ETEC O139 strains possessed iee, but this gene was not found in any of the STEC O139 strains. Interestingly, the distribution of iee among the O149 and O139 strains correlated very well with the distribution of two IS3 family members, IS629 and IS911 (Fig. 2) . Although we identified ETEC strains with various serotypes isolated from swine (Table 1) , the iee-positive strains were limited to strains of the O139 and O149 serotypes.
To determine the phylogenetic relationships of the ETEC O139 and O149 strains, we constructed a phylogenetic tree using the concatenated nucleotide sequences of the seven housekeeping genes used for MLST. In total, 50 genome-sequenced E. coli strains were included in this analysis (Fig. 3) . Two of the 50 strains were the recently sequenced ETEC strains UMNK88 and UMNF18 (serotypes O149 and O147, respectively) (29) . UMNK88 belongs to ST100, but UMNF18 belongs to ST10, which includes E. coli K-12.
As shown in Fig. 3 , the ETEC O139 (ST42) and STEC O139 (ST1 and ST2290) strains are relatively closely related to each other but distantly related to the two ETEC O149 lineages (ST100 or ST2273), which are located in distinct phylogenetic clusters. ST100 belongs to a cluster that also contains ST10. ST2273 belongs to a cluster that contains EHEC O26, O111, and O103 but is more closely related to O26 and O111 than to O103. These results indicate that IEE has spread to specific lineages of ETEC and EHEC strains by horizontal gene transfer.
Analysis of iee-containing integrated elements. The iee gene was found on the IE "UMNK88 island 8" in the O149 strain UMNK88 (29) ; this IE is similar to SpLE1 and the SpLE1-like IEs of EHEC, suggesting that iee may be encoded by SpLE1-like IEs in the iee-positive ETEC strains identified in the present study. To investigate the presence of SpLE1-like IEs and analyze their genomic structures in the O139 and O149 ETEC strains, we performed PCR scanning analysis as illustrated in Fig. S1A in the supplemental material. The results indicated that these strains contain SpLE1-like IEs, with the exception of strain E0231 (see Fig. S1B in the supplemental material; see also Fig. S2 in the supplemental material for the raw data). In E0231, no amplicons were obtained from the two segments containing the left and right SpLE1-like IE/chromosome junctions (ieeIE-f/113.4-r and 113.9-f/114-r). In addition, no amplicon was generated using the primers 113.8-f/113.9-r in E0231, but this region was amplified using a newly designed primer, 113.9-r2, as a substitute for 113.9-r (see Fig. S2B in the supplemental material), suggesting that some sequence polymorphism exists in the 113.9-r site of the E0231 genome. By sequencing the ieeIE-f/113.4-r amplicons, we confirmed that the amplified regions all contained the iee genes having an identical sequence. Importantly, no amplicon was obtained from any segments of any of the iee-negative O139 STEC strains examined. These results indicate that the O139 ETEC and O149 ETEC lineages acquired iee by SpLE1-like IEs.
The sequencing analysis of the ieeIE-f/113.4-r and 113.9-f/ 114-r amplicons revealed that SpLE1-like IEs are integrated in the serX tRNA gene in all O139 and O149 ETEC strains examined, with the exception of strain E0231 (see Fig. S2B in the supplemen- housekeeping genes. The sequences of the seven housekeeping genes obtained in the MLST analysis were concatenated and aligned using CLUSTAL W in MEGA5 software (23) , and a neighbor-joining tree was generated with 1,000 bootstrap replicates. All genome-sequenced E. coli strains are included in the phylogenetic representation, and the O139 and O149 lineages analyzed in the present study are indicated by a single asterisk (*). The scale bar represents the number of base substitutions. Open and black boxes indicate iee-positive and -negative strains, respectively. The ED1a strain marked with double asterisks (**) possesses iee on an IE that is not similar to SpLE1 (10). tal material). The integration site of the SpLE1-like IE of E0231 (the serW tRNA gene) was identified using a newly developed rapid walking method designated RETS-PCR, as outlined in Fig. 1 . Similar positional variations of SpLE1 were observed in EHEC O157; strain EDL933 contains two copies of SpLE1: one at serX and the other at serW (30) . In the eight O157 strains that were analyzed by Ohnishi et al. using WGPS, SpLE1 was also found at the serX and/or serW loci (24) . However, this variation in the integration site is not surprising because the serX and serW genes have identical nucleotide sequences and because a highly conserved phage-type integrase is shared by SpLE1 and SpLE1-like IEs.
In strain E0129 (the only iee-negative O149 ETEC strain), the serW and serX loci were both intact and showed no sign of the insertion of MGEs, as in the iee-negative O139 STEC strains. Because E0129 also belongs to ST100, as do most of the O149 ETEC strains, it is likely that this element has been deleted in this strain. Comparative analysis of SpLE1-like IEs. The nucleotide sequences of SpLE1-like IEs from three ETEC O139 strains (E0046, E0124, and E0217) and three O149 strains (E0092, E0223, and E0231) were determined and compared to those of SpLE1 in O157 Sakai; SpLE1-like IEs in O26, O111, and O103 EHECs (strains 11368, 11128, and 12009, respectively); and island 8 in O149 UMNK88. Overall, the structures of the SpLE1-like IEs in the seven O139 and O149 ETEC strains were very similar to each other, whereas the deletion of an 8.7-kb segment was observed in the element of strain E0231 (Fig. 4) . Although the elements of O139/O149 ETEC are also similar to SpLE1 and the SpLE1-like IEs of the O26 and O111 EHEC strains, their right end regions, particularly the far-right region have significantly diverged in sequence from those of the elements of O157, O26, and O111 ( Fig. 4 ; see also Fig. S3 in the supplemental material) . All other structural variations observed between the elements of EHEC strains and those of O139/O149 ETEC were small, and most appeared to have been generated by the insertion (or deletion) of IS elements. Considering that the three iee-positive ETEC O139 and O149 lineages are phylogenetically distant from each other and that the ST2273 lineage (O149 strain E0231) is closely related to O26 and O111 (Fig. 3) , these findings suggest that the SpLE1-like IEs of these O139/O149 strains have been recently derived from an ancestor common to the EHEC elements and jumped into the three ETEC O139 and O149 lineages.
Yin et al. reported that the iha gene (which encodes a putative adhesin, Iha) and the ure operon (which encodes urease), both of which are encoded within SpLE1, are required for the efficient colonization of EHEC O157 strain EDL933 (the IE corresponding to SpLE1 is named "O island 48" in EDL933 [30] ) in swine intestines (31) . Because the iha gene and the ure operon are conserved in the SpLE1-like IEs of ETEC O139 and O149 (Fig. 4) , the acquisition of SpLE1-like IEs may confer an advantage to these ETEC strains in colonizing the swine intestine. Although healthy cattle are considered the major reservoir for human infection with EHEC O157 (6) , this microorganism has also been isolated from swine (32) (33) (34) (35) . Thus, although further studies are required, EHEC O157 and ETEC O139 and O149 may share an ecological niche (the swine intestine), thus allowing the transfer of SpLE1 or SpLE1-like IEs among these strains. Because genes required for conjugal transfer are not found in these IEs, a molecular mechanism underlying their transmission is another important issue to be elucidated.
IS629 in ETEC O139 and O149 strains and variation in its genomic copy number and insertion sites. IEE promotes the excision of IS629 and other IS3 family members in a TPase-dependent manner. It also induces various genomic deletions upon IS excision and is thus implicated in the diversification of bacterial genomes (10) . The genomic locations of IS629 in the O157 genomes are highly variable and show complex patterns among the O157 strains (9) . Because all iee-positive ETEC O139 and O149 strains also contain IS629, we investigated the genomic locations of IS629 in these strains by PFGE analysis of SspI-digested genomic DNA, which was followed by Southern blot hybridization analysis using an IS629-specific probe (Fig. 5) . This IS629 fingerprinting analysis revealed that all iee-positive O139 and O149 strains possess multiple copies of IS629, a preferred substrate of IEE (10) .
Intriguingly, SpLE1 of EHEC O157 carries two copies of IS629 (one is intact, and the other is truncated), and all sequenced SpLE1-like IEs of the ETEC O139 and O149 strains also carry one truncated IS629 copy. This result raises the possibility that these ETEC strains acquired at least one IS629 copy, together with iee, via the transfer of an SpLE1-like IE, followed by the transposition and proliferation of IS629 in these strains. We cannot exclude the possibility that these ETEC strains acquired IS629 independently from SpLE1-like IEs, but the potential cotransfer of IEE and IS629 merits further investigation.
The IS629 fingerprinting patterns of the ETEC O139 and O149 strains also revealed considerable variation in copy numbers between these strains, as observed in EHEC O157. Although 17 O139 strains isolated in the Tokyo prefecture (E0043 to E0059) exhibited very similar XbaI digestion patterns in PFGE (Fig. 2) , suggesting that they are closely related, some of the strains displayed IS629 fingerprinting patterns that were distinct from the major pattern in this group (Fig. 5B) . Similarly, O149 strains E0226 and E0227, which exhibited similar XbaI digestion patterns in PFGE, exhibited remarkable variation in their IS629 fingerprinting patterns. Thus, it appears that IS629 has actively transposed in these ETEC O139 and O149 strains, but it is also possible that some of the variation in the copy number of IS629 is attributable to IEE-mediated IS excision, which could also have generated deletions in IS-flanking regions (10) .
IEE promotes the excision of other IS3 family members, such as IS911, IS3, and IS2, at the same efficiency as that for IS629 (10) . All of the IS elements are present in almost all iee-positive ETEC O139 and O149 lineages (Fig. 1) . Although the excision frequencies of IS1 and IS30 is lower than that for the IS3 family, these IS elements could also be substrates of IEE (10) . IS1 is distributed among all iee-positive ETEC O139 and O149 strains. IS30 is found in one ETEC O149 lineage (ST100). Thus, although further research is required, the acquisition of these IS elements other than Conclusions. This study demonstrated that IEE is distributed specifically among three distinct ETEC lineages isolated from swine and is encoded by IEs similar to SpLE1 of EHEC O157. The SpLE1-like IEs are highly conserved in genomic structure among these ETEC lineages, and similar to SpLE1, they carry the iha gene and the ure operon, which are shown to be required for the efficient colonization of O157 in the swine intestine. These data suggest that IEE may have been transferred among EHEC and ETEC in swine via the acquisition of SpLE1-like IEs. Furthermore, because the IEE-positive ETEC lineages all contained multiple copies of IS629, a preferred substrate of IEE, and their genomic locations vary significantly between strains, IS629 is likely actively moving on the ETEC genomes. As in O157, in combination with IEE, IS629 is likely promoting the diversification of the ETEC genome.
